The hippocampal CA1 neurons are selectively vulnerable to global ischemia, and neuronal death occurs in a delayed manner. The threshold of global ischemia duration that induces neuronal death has been studied, but the relationship between ischemia duration and glial death in the hippocampal CA1 area has not been fully studied. We examined neuronal/glial viability and morphological changes in the CA1 subregion after different durations of global ischemia. Global ischemia was induced in Sprague-Dawley rats by 10, 5, and 3 min of bilateral common carotid artery occlusion and hypotension. At 1-56 days after ischemia, the morphological reactions of neurons, astrocytes, oligodendrocytes, and microglia were immunohistochemically evaluated. Most of the hippocampal CA1 pyramidal neurons underwent delayed death at 3 days after 10/5 min of ischemia, but not after 3 min of ischemia. The number of astrocytes gradually declined after 10/5 min of ischemia, and viable astrocytes showed characteristic staged morphological reactions. Oligodendrocytes also showed morphological changes in their processes after 10/5 min of ischemia. Microglia transformed into a reactive form at 5 days only after 10/5 min of ischemia. These data suggest that some morphological changes in glial cells were not dependent on neuronal cell death, but their own reactions to the different severity of ischemia.
INTRODUCTION T
HE TRANSIENT GLOBAL ISCHEMIA model has been used to analyze selective vulnerability in the hippocampal CA1 subregion. Neuronal death in the CA1 subregion after global ischemia has been shown to occur in a delayed manner (Kirino, 1982) . Cytochrome c expression, caspase induction, and DNA fragmentation in these neurons suggest that their death is caused in part by apoptosis (Chen et al., 1998; Krajewski et al., 1999; MacManus et al., 1993; Nitatori et al., 1995; Sugawara et al., 1999) . Glial cell death after global ischemia has also been reported. Oligodendrocyte is the most vulnerable glial cell subtype in the cortex and frequently undergoes apoptotic cell death (Petito et al., 1998) . Some astrocytes and microglia also die after global ischemia (Petito et al., 1998) .
The duration threshold that causes CA1 neuronal death has been thoroughly studied in gerbils and Wistar rats (Mitani et al., 1991; Pulsinelli et al., 1982; Smith et al., 1984) . However, the relationship between ischemia duration and glial death in the hippocampal CA1 area has not been fully studied. The first purpose of this study was to investigate neuronal/glial death after different durations of global ischemia in Sprague-Dawley (SD) rats.
Glial cells have recently been implicated in delayed CA1 neuronal death. Astrocytes can uptake harmful substances, such as excitatory neurotransmitters and extracellular ions (Amundson et al., 1992; Kimelberg et al., 1982; Kraig et al., 1986; Lascola and Kraig, 1997) , which are thought to be initiating factors in delayed neuronal death. Microglia possibly mediate glutamate-induced ischemic neuronal injury (Banati et al., 1995; Streit and Kreutzberg, 1988) . On the other hand, morphological changes of these cells corresponded to the neuronal tolerance or neural death after ischemia. Increased immunoreactivity of glial fibrillary acidic protein (GFAP) in astrocytes after ischemic preconditioning corresponded to the development of neuronal tolerance (Kato et al., 1994) , and an early increase in immunoreactivity of the microglial marker occurred only after lethal global ischemia (Banati et al., 1995; Yrjänheikki et al., 1998) . The second purpose of this study was to analyze early responses of glial cells to different durations of global ischemia and to explore their possible implication in delayed neuronal death.
In this study, 10, 5, and 3 min of global ischemia was induced by bilateral common carotid artery occlusion and hypotension. The subsequent cell deaths of neurons and three major cell classes of glia (astrocytes, oligodendrocytes, and microglia) in the hippocampal CA1 subregion were evaluated by immunohistochemistry at 1-56 days after ischemia. The morphological changes of these cells were also extensively characterized. Furthermore, cell proliferation was examined by immunohistochemistry in animals injected with the thymidine analog, bromodeoxyuridine (BrdU), and DNA damage was characterized using the terminal deoxynucleotidyl transferase-mediated uridine 59-triphosphate-biotin nick end labeling (TUNEL) reaction.
MATERIALS AND METHODS

Surgery
Five, 10, or 3 min of transient global ischemia was induced by bilateral common carotid artery occlusion and bleeding in order to lower the MABP to 30-35 mm Hg, using the method originally described by Smith et al. (1984) with some modifications (Chan et al., 1998; Sugawara et al., 2000) . Male SD rats (225-275 g; Charles River Laboratories, Wilmington, MA) were anesthetized with 5% isoflurane and maintained during surgery at a level of 2.0% isoflurane in 70% N 2 O and 30% O 2 with spontaneous breathing. The rectal temperature was controlled at 37.0 6 0.5°C during surgery with a feedbackregulated heating pad. The femoral artery was exposed and catheterized with a PE-50 catheter to allow continuous recording of the arterial blood pressure and withdrawal of blood samples for blood gas analysis. After recovery of the arterial blood pressure, the arterial blood was collected for blood gas analysis. The animals were maintained in an air conditioned room at 20°C with free access to food and water before and after surgery. The animals that developed seizure activity were excluded from the study. All animals were treated in accordance with Stanford University guidelines and the animal protocol approved by Stanford University's Administrative Panel on Laboratory Animal Care.
Histological assessment
Anesthetized animals were perfused with 10 U/mL heparin and subsequently with 4% formaldehyde in phosphate-buffered saline (PBS, pH 7.4), at 1, 3, 5, 14, 28, and 56 days after reperfusion following ischemia. Brains were removed, postfixed for 24 h in 4% formaldehyde, and coronally sectioned at 50 mm on a vibratome. The sections approximately between 3 and 4 mm posterior of bregma were used for this study. For histological assessment of damage to the hippocampus, the brain sections were stained with cresyl violet. Additional sections were immunohistochemically processed to clarify the subpopulations of the cells. Neuron-specific nuclear protein (NeuN) immunohistochemistry was performed to label neurons. Free-floating sections were incubated with 3% H 2 O 2 in PBS and 20% normal horse serum, and exposed to monoclonal mouse anti-NeuN antibody (1:200; Chemicon, Temecula, CA) in PBS for 24 h at 4°C. The sections were incubated with biotin-conjugated horse anti-mouse immunoglobulin G (IgG; 1:200; Vector Laboratories, Burlingame, CA) for 1 h and then incubated with avidin-biotin horseradish peroxidase solution (ABC kit, Vector Laboratories) for 30 min. Then the sections were visualized using 0.025% 3,39-diaminobenzidine (DAB) hydrochloride and 0.075% H 2 O 2 in PBS with 0.4 mg/mL nickel sulfate. To distinguish astrocytes, oligodendrocytes and microglia, the sections were incubated in polyclonal goat anti-GFAP antibody (1:200; Santa Cruz Biotechnology, Santa Cruz, CA), monoclonal mouse anticyclic nucleotide phosphohydrolase (CNP) antibody (1:500; Promega Corporation, Madison, WI), and monoclonal mouse anticomplement receptor type 3 (CR3) antibody (OX42, 1:5000; Serotech, Raleigh, NC), SUGAWARA ET AL.
respectively, for 24 h at 4°C. Appropriate blocking solutions and secondary antibodies were used. The sections were visualized using DAB as described above. For CNP staining, an antigen retrieval procedure was performed before the immunohistochemistry, as described (Jiao et al., 1999) . The specificity of the antibodies against NeuN, GFAP, CNP, and CR3 was confirmed by primary antibody-omitted immunohistochemistry.
Quantitative study
To assess the extent of cell accumulation in the stratum radiatum, cresyl violet-stained nuclei were counted in a 250 3 250 mm square, applied approximately at the center of the CA1 subregion. To evaluate neuronal survival, NeuN-positive cells were counted in the pyramidal cell layer at the center of the CA1 subregion (250 mm in length) and in the stratum radiatum (1 mm in length). To study the viability of glial cells, immunopositive cell counting was performed. For GFAP-positive astrocytes, positive cell bodies were counted in a 250 3 250 mm square, applied approximately at the center of the CA1 subregion in the stratum radiatum. CNP-positive cell counting was not performed because of the difficulty in identifying CNP-positive cell bodies. The number of OX-42-positive cells was not counted because of a difficulty in identifying individual cells. Instead, the OX42-positive area in the whole CA1 subregion was determined to estimate the degree of microglial accumulation and activation. The area was measured using NIH image software (version 1.62; National Institutes of Health, Bethesda, MD), and the results were given as percent of area occupied by labeled cells.
BrdU labeling and fluorescent double staining
Cell division in the hippocampal CA1 pyramidal cell layer was examined 7, 14, 28 and 56 days after ischemia. The thymidine analog, BrdU (Sigma, St. Louis, MO), was intraperitoneally injected (50 mg/kg/day) for 5 consecutive days before examination. The brain slices were obtained as described above, and BrdU immunohistochemistry was performed. Free-floating sections were pretreated in 2N HCl for 20 min. Then the sections were incubated with blocking solutions and reacted with monoclonal anti-BrdU antibody (0.25 mg/mL, Roche Diagnostics, Indianapolis, IN) for 24 h at 4°C. Subsequently, BrdU was visualized with DAB as described above. Additional sections were double stained with anti-BrdU antibody and either anti-NeuN/GFAP/CNP antibodies or OX42 antibody to clarify the proliferating cell population. Briefly, for BrdU and NeuN/CNP/OX42 staining, after incubation in anti-BrdU antibody, the free-floating sections were exposed to an excessive amount of goat anti-mouse IgG (H1L) Fab fragments (1:50; Jackson Immunoresearch, West Grove, PA) followed by incubation in fluorescein-5-isothiocyanate (FITC)-conjugated donkey anti-goat IgG (H1L) antibody (1:100; Jackson Immunoresearch). The sections were then processed with anti-NeuN/CNP antibodies or OX42 antibody and subsequently incubated in Texas Red-conjugated donkey anti-mouse IgG (H1L) antibody (1:100; Jackson Immunoresearch). For BrdU and GFAP double staining, after incubation in anti-BrdU antibody, the sections were exposed to FITC-conjugated donkey anti-mouse IgG (H1L) antibody (1:100; Jackson Immunoresearch). Subsequently, they were incubated in anti-GFAP (1:200) antibody and finally in Texas Red-conjugated rabbit anti-goat IgG (H1L; 1:100; Vector Laboratories). Fluorescence of FITC was observed at excitation of 495 nm and emission of .515 nm. Fluorescence of Texas Red was observed at excitation of 510 nm and emission of .580 nm. Hoechst nuclear staining was also performed.
In situ labeling of DNA fragmentation
The experimental animals were killed at 1, 3, 5, 7, 14, and 28 days after 10/5/3 minutes of global ischemia/ reperfusion. The brains were removed, rapidly frozen in 220°C 2-methylbutane, 250°C dry ice, and stored at 280°C. They were sectioned with a cryostat into a thickness of 20 mm. Frozen brain sections at the level of the hippocampus were placed on slides and stained using an in situ technique (TUNEL reaction) to detect the DNA free 39-OH ends. Briefly, frozen brain sections were fixed for 30 min in 3.7% formaldehyde in PBS, pH 7.4. The slides were placed in 1 3 terminal deoxynucleotidyl transferase (TdT) buffer (Invitrogen, Gaithersburg, MD) for 15 min, followed by reaction with TdT enzyme (Invitrogen) and biotinylated 16-dUTP (Roche Diagnostics) at 37°C for 60 min. The slides were then washed in 2 3 SSC (150 mmol/L sodium chloride, 15 mmol/L sodium citrate, pH 7.4) for 15 min, followed by a washing in PBS 2 3 for 15 min. ABC solution (Vector Laboratories) was applied to the sections for 30 min, and then the slides were washed for 15 min with 0.175 mol/L sodium acetate. Staining was visualized using 0.025% DAB and 0.075% H 2 O 2 in PBS with 0.4 mg/mL nickel sulfate. The sections were then counterstained with methyl green.
Statistical analyses
The number and the area of immunopositive cells were measured in four brain slices for each animal and the results were averaged. These averaged results from six animals at each time point were then presented as the mean 6 SD. Statistical significance among the groups was estab-NEURONAL AND GLIAL RESPONSES TO GLOBAL ISCHEMIA lished with analysis of variance followed by the unpaired Student's t test. Significance was accepted as p , 0.05.
RESULTS
Physiological data
Physiological parameters showed no significant differences in mean arterial blood pressure and arterial blood gas analysis among groups before and 10 min after ischemia (data not shown).
General morphology
In the 10-min ischemia group, the cells started to accumulate exclusively in the CA1 subregion 3 days after ischemia (Fig. 1B) . The cell accumulation was heaviest 14 days after ischemia ( Fig. 1C) and lightened thereafter. The accumulated cells were predominantly those with rod-shaped nuclei (Fig. 1D ). Other accumulated cells had round, small nuclei. In the 5-min ischemia group, the cell accumulation started at the same time; however, the heaviest accumulation was observed at 28 days after ischemia.
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FIG. 1.
Cresyl violet staining of coronal sections in the hippocampal CA1 subregion after ischemia and cell counting in the stratum radiatum. Normal CA1 subregion (A); cells started to accumulate in CA1 subregion at 3 days (B), and the number of accumulated cells peaked 14 days after 10 minutes of ischemia (C). Highly magnified photos show that accumulated cells were predominantly those with rod-like nuclei 14 days after 10 min (D) and 5 (E) min of ischemia. There was no accumulation of cells 14 days after 3 min of ischemia (F). Quantitative study shows the time course of cell numbers in the stratum radiatum (G). Values represent mean 6 SD (n 5 6). *p , 0.001 and **p , 0.0001, with respect to control level. PCL, pyramidal cell layer; SR, stratum radiatum; LML, lacunosum molecular layer; arrowheads, hippocampal fissure. Bars 5 100 mm in A-C, 50 mm in D-F.
Most of the accumulated cells had characteristics similar to the cells in the 10-min ischemia group (Fig. 1E ). In the 3-min ischemia group, cell accumulation was not substantial after the insult (Fig. 1F) . These findings of cell accumulation were further confirmed with a quantitative study (Fig. 1G) . After 10 min of ischemia, the total number of cells in the stratum radiatum was significantly higher at 3 days, and later, however, after 5 minutes of ischemia, a significant increase began at 5 days. After 3 min of ischemia, no significant increase in the number of cells was observed.
Neuronal survival
In the normal hippocampus, NeuN immunostaining labeled virtually all the large nuclei in the normal CA1 pyramidal cell layer, the stratum oriens, and the stratum radiatum ( Fig. 2A) . In the 10-and 5-min ischemia groups, NeuN immunostaining showed a marked reduction in the positive neurons in the CA1 pyramidal cell layer 3 days after ischemia, and the number of surviving neurons did not decrease between 3 and 56 days (Fig. 2B,C upper) . However, the number and the morphology of NeuN-pos-NEURONAL AND GLIAL RESPONSES TO GLOBAL ISCHEMIA 89 A FIG. 2. NeuN immunostaining and positive cell counting in the CA1 subregion. Representative photograph of normal CA1 subregion (A). At 28 days after 10 min of ischemia (B), there was a marked reduction in the number of NeuN-positive cells in the pyramidal cell layer, but not in the stratum oriens and the stratum radiatum. Positive cell counting in the pyramidal cell layer (C, upper) and in the stratum radiatum (C, lower) revealed that neuronal loss occurred in the pyramidal cell layer at 3 days only after 10/5 min of ischemia. Values represent mean 6 SD (n 5 6). *p , 0.001, compared to control level. C, normal control. Bar 5 20 mm in A and B.
itive CA1 neurons were not altered by 3 min of ischemia until 56 days after the insult (Fig. 2C upper) . We also observed that the number of NeuN-positive cells in the stratum radiatum did not decrease after 10/5 min of ischemia (Fig. 2B,C lower) .
Astroglial reaction
In the normal hippocampal CA1 subregion, GFAP-positive astrocytes had a stellate-shape with fine, long processes (Fig. 3A) . In the 10-min ischemia group, the reaction of GFAP-positive astrocytes to ischemia appeared 1 day after reperfusion (Fig. 3B) . Their processes became unevenly thick with ragged edges, and this finding was virtually similar until 5 days. Fourteen days after ischemia, the cell bodies started to be mildly hypertrophic (Fig. 3C) . Hypertrophy became more severe and small vacuoles (,3 mm in diameter) began to appear in the cell bodies at 28 days (Fig. 3D) . These vacuoles became larger (.5 mm in diameter) at 56 days after ischemia in two animals among the six animals examined (Fig. 3E) . In Table 1 , we propose histological staging for these characteristic findings in as-SUGAWARA ET AL. 90   FIG. 3 . GFAP immunostaining in the hippocampal CA1 subregion after 10 min of ischemia and positive cell counting in the stratum radiatum of the CA1 subregion. Compared with normal astrocytes (A), the processes of virtually all GFAP-positive astrocytes became unevenly thicker with ragged edges 3 days after ischemia (arrows, B). At 14 days, the cell bodies appeared to be mildly hypertrophic (open arrows, C). At 28 days after ischemia, small vacuoles began to appear in the hypertrophic cell bodies (arrowheads, D). These vacuoles became larger at 56 days after ischemia (arrowheads, E). GFAP-positive cell counting showed a reduction in the cell number at 3-56 days after 10 min and 28-56 days after 5 min of ischemia (F). Values represent mean 6 SD (n 5 6). *p , 0.01 and **p , 0.001, with respect to control level. Bars 5 50 mm in A-C, 20 mm in D and E. troglial reactions to 10 min of ischemia. Using this staging, the reactions to 5 and 3 min of ischemia are described in Table 2 . Five minutes of isch-emia induced a stage 1 change at 1-14 days and a stage 2 change 28-56 days after ischemia. Three minutes of ischemia caused a stage 1 change at 1-56 days. GFAP-positive cell counting in the stratum radiatum (Fig. 3F) revealed that loss of GFAP-positive cell bodies started 3 days after 10 min of ischemia and, in contrast, started 28 days after 5 min of ischemia. After 3 min of ischemia, no loss of immunopositive cell bodies was observed.
Oligodendroglial reaction
In the normal hippocampal CA1 subregion, numerous CNP-positive fibers vertically crossed the stratum radiatum (Fig. 4A,E) . These long vertical fibers were approximately parallel to each other and their cell bodies were sparsely distributed throughout the hippocampus (Fig.  4E, arrowhead) . One day after 10 min of ischemia, these CNP-positive vertical fibers were morphologically disrupted and numerous uneven and tangled fibers with stronger immunoreactivity appeared (Fig. 4B,F) . These aberrant fibers gradually became less immunoreactive until 5 days (Fig. 4C,G) , and virtually disappeared at 56 days (Fig. 4D,H) . Similar morphological alterations in CNP-positive fibers were observed after 5 min of ischemia, but the progression was slower. The obvious decrease in vertical fibers was seen at 14 days with less numerous tangled fibers compared to 10 min of ischemia and these reactive fibers disappeared at 56 days. After 3 min of ischemia, neither obvious alterations in vertical fibers nor aberrant reactive fibers were observed.
Microglial reaction
In the normal control animals, weakly OX42-immunoreactive cells were distributed throughout the hippocampus, and their processes showed highly ramified structures that have been described as a characteristic of the resident microglia (Fig. 5A ). In the 10-min ischemia group, they became strongly immunoreactive 1 day after ischemia (Fig. 5B,G) . Subsequently, they retracted their fine ramified processes and showed plump cell bodies, which have previously been reported as characteristics of the reactive form of microglia (Morioka et al., 1991; Streit and Kreutzberg, 1988) , and they were distributed more densely around the CA1 pyramidal cell layer at 3-5 days (Fig. 5C,H) . In contrast, positive cells in the CA3 region and the dentate gyrus showed stronger immunoreactivity 1 day after ischemia, but returned to the normal level by 5 days. However, their highly ramified morphology was not altered at any time point. The immunoreactivity of the CA1 subregion peaked at 14 days and almost the entire area was covered with positive cells (Fig. 5D ). It gradually dissolved thereafter, but denser staining remained around the pyramidal cell layer at 28-56 days (Fig. 5E,F) . The OX42-positive plump cells had stout processes at 14 days or later (Fig. 5I ). In the 5-min ischemia group, the morphology and distribution of OX42-positive cells were similar to those of the 10-min ischemia group, nevertheless the immunoreactivity was less than in the 10-min ischemia group. In the 3-min ischemia group, immunoreactivity of highly ramified positive cells became gradually stronger at 1-5 days and returned to the normal level at 28 days. Most of the positive cells preserved highly ramified structures and were evenly distributed throughout the observation period. Transformation to the reactive form or aggregation around the pyramidal cell layer were rarely seen. The time course of the area occupied by immunopositive cells is shown (Fig. 5J) . The OX42 immunohistochemistry with methyl green counterstaining revealed that the cells with rod-shaped nuclei were virtually all OX42-positive cells by cresyl violet staining (Fig. 5I) .
BrdU staining
BrdU-positive nuclei were not observed in the CA1 pyramidal cell layer either in normal or ischemic rats at any NEURONAL AND GLIAL RESPONSES TO GLOBAL ISCHEMIA time points (Fig. 6A) . Positive, large nuclei were always seen in the subgranular zone of the dentate gyrus (Fig. 6B ). Very few (0 to 6 nuclei per hippocampus; average of 2.6 nuclei/hippocampus) BrdU-positive large nuclei were observed in the stratum radiatum or in the stratum oriens regardless of the time after ischemia or of ischemia duration (Fig. 6C) . Some of these cells were also NeuN-positive ( Fig. 6D-F ). There were no cells that were double stained with BrdU and GFAP, BrdU and CNP, or BrdU and OX42.
TUNEL staining
There were no TUNEL-positive cells in the normal hippocampus (Fig. 7A) . TUNEL-positive cells appeared exclusively in the CA1 pyramidal cell layer 3 days after 10/5 min ischemia (Fig. 7B) . TUNEL staining in this region disappeared by 7 days (Fig. 7C ) and did not reappear at later time points (Fig. 7D) . No TUNEL-positive cells were observed in the stratum oriens or the stratum radiatum at any time points. After 3 min of ischemia, TUNEL-positive cells were not detected in the hippocampus at any time point.
DISCUSSION
A shorter duration of global ischemia was reported to slow the progression of delayed neuronal death (Colbourne et al., 1999) . However, in this study, 5 min of ischemia induced delayed CA1 neuronal death at the same time as 10 min of ischemia, and furthermore, both insults caused a similar percentage of CA1 neuronal loss. At 3 days or later, the survival rate of the neurons in the CA1 pyramidal cell layer after 10/5 min of ischemia was approximately 5-10%. To characterize the dying and surviving neurons, we performed BrdU and TUNEL staining. We utilized BrdU as a marker to detect new DNA synthesis (Gage et al., 1995) . No positive cells were seen in the CA1 pyramidal cell layer at any time point, suggesting that neurogenesis did not occur in this region after 10/5/3 min of ischemia. TUNEL staining was used as a marker to detect apoptotic cells after global cerebral ischemia, because a DNA laddering pattern in gel electrophoresis, and TUNEL positive cells appeared at the same time in the hippocampal CA1 subregion (Nitatori et al., 1995; Sugawara et al., 1999) . However, TUNEL staining simply indicates DNA damage and its specificity for apoptosis is still controversial. In our study, after 10/5 min of ischemia, TUNEL-positive cells appeared at 3 days, disappeared by 7 days, and did not reappear later in the CA1 pyramidal cell layer. These results indicate that neither apoptotic/necrotic DNA damage nor neurogenesis was observed in the CA1 pyramidal cell layer at 7 days or later, and the number of NeuN-positive surviving neurons did not decrease. Therefore, we assume that there is a subpopulation of ischemia-tolerant neurons SUGAWARA ET AL.
FIG. 4.
Representative photomicrographs of CNP immunostaining in the hippocampal CA1 subregion after 10 min of ischemia. Normal CA1 area showed numerous vertical fine fibers in the stratum radiatum (arrowheads, A) and a positive cell body was seen under high magnification (arrowhead, E). A majority of the vertical fibers was disrupted 1 day after 10 min of ischemia, and tangled, thick fibers appeared (B,F). The tangled fibers became weakly immunoreactive at 5 days (C,G) and disappeared 56 days after 10 minutes of ischemia (D,H). PCL, pyramidal cell layer; SR, stratum radiatum. Bars 5 100 mm in A-D, 50 mm in E-H.
in the CA1 pyramidal cell layer that account for 5-10% of the entire neurons in this region. Furthermore, an increase in ischemia duration to 15 min did not decrease the number of surviving neurons (data not shown), supporting this hypothesis.
The number of neurons in the stratum radiatum, virtually all interneurons (Johansen, 1993) , did not decrease after ischemia. There were no TUNEL-positive cells and very few BrdU-positive neurons in this region. Neurogenesis has been reported to occur in the subgranular zone of the dentate gyrus in normal or ischemic rodents (Liu et al., 1998) . Consistent with those data, we observed BrdU-positive cells in the subgranular zone of the dentate gyrus in normal as well as in ischemic rats, however, it is unlikely that these neurons had migrated into the CA1 subregion because of the existence of the hip-NEURONAL AND GLIAL RESPONSES TO GLOBAL ISCHEMIA 93 FIG. 5. Representative photomicrographs of OX42 immunostaining in the hippocampal CA1 subregion after 10 min of ischemia and the time course of area occupied by labeled axons after 10, 5, and 3 min of ischemia. Normal control CA1 area (A) contained weakly OX42-positive cells. After 10 min of ischemia, these cells became strongly immunoreactive at 1 day (B) and were distributed around the pyramidal cell layer at 5 days (C). The immunoreactivity peaked at 14 days (D), and lightened at 28 days (E) and 56 days (F). Magnified photos show that the positive cells were highly ramified at 1 day (G); however, the cells at 5 days after ischemia showed transformation to the reactive form (arrows, H). The positive cells at 28 days showed rod-like nuclei counterstained by methyl green (arrowheads, I). The area occupied by labeled cells peaked 14-28 days after ischemia and decreased thereafter after 10 and 5 min of ischemia (J). Asterisks in A-F, pyramidal cell layer. Arrowheads in A-F, hippocampal fissure. Values represent mean 6 SD (n 5 6). *p , 0.001 and **p , 0.0001, with respect to control level. Bars 5 100 mm in A-F, 20 mm in G and H, 10 mm in I.
pocampal fissure as an obstacle between these regions. It has been already reported that the interneurons in the hippocampal CA1 subregion (Johansen, 1993; Johansen et al., 1983) and in the striatum (Gonzales et al., 1992) were resistant to global ischemia and survived delayed neuronal death. In this particular study using SD rats, a significant number of neurons that survived delayed death were seen in the CA1 pyramidal cell layer after 10/5 min ischemia. Some of them may be interneurons, however, further studies are needed to characterize these aberrant neurons in the pyramidal cell layer.
Reactive changes in intermediate filaments in astrocytes, especially GFAP, have been shown to occur after various stimuli, including global ischemia (Hoffmann et al., 1992; Jorgensen et al., 1993; Ordy et al., 1993; Petito and Halaby, 1993; Petito et al., 1990) . In previous reports, changes in GFAP immunoreactivity in the hippocampal CA1 subregion were correlated with neuronal degeneration (Ordy et al., 1993; Petito and Halaby, 1993) . However, we found that mild astroglial reactions in the CA1 subregion occurred 1 day after all durations of ischemia. The thickening and ragged appearance of the GFAP-positive processes were observed in all groups, and these morphologically altered astrocytic processes did not return to normal even 56 days after ischemia. Since this initial change was an early event that was induced by ischemia, which was both lethal and sublethal to CA1 neurons, it is likely to be the astrocytes' own rapid reaction to the unfeasible environment after ischemia. It has been reported that spreading depression induced an increase of GFAP staining without neuronal injury (Kraig et al., 1991) , and after sublethal brief global ischemia, an early increase in GFAP immunoreactivity corresponded to the development of neuronal tolerance to subsequent ischemia (Kato et al., 1994) . GFAP-upregulated astrocytes are able to uptake harmful substances, such as extracellular ions or excitatory neurotransmitters and to produce neurotrophic factors under pathological conditions (Kimelberg et al., 1982; Kraig et al., 1986; Lascola and Kraig, 1997; Matsushima et al., 1998) . Therefore, the early reaction of CA1 astrocytes to ischemia associated with a stage 1 change could be beneficial to CA1 neurons. The ischemia that was lethal to CA1 neurons (5/10 min) caused striking, staged morphological reactions in astrocytes. Their cell bodies appeared to be hypertrophic 14 days after 10 min of ischemia and 28 days after 5 min of ischemia. Ten minutes of ischemia induced vacuolations in their cell bodies at 28-56 days. As shown in Table 2 , morphological changes in GFAP-positive astrocytes were dependent on ischemia duration. Hypertrophy of CA1 astrocytes was previously reported after global ischemia (Petito et al., 1990) , and hypertrophy and vacuolation of astrocytes were seen in aged or metal-intoxicated brain (Deloncle et al., 2001; Struys-Ponsar et al., 1994) and the brains with cerebrovascular and neurodegenerative diseases (Tomimoto et al., 1997) membrane alteration (Deloncle et al, 2001; Struys-Ponsar et al., 1994) . We showed a reduction in the GFAPpositive cell number 3 days after 10 min of ischemia and 28 days after 5 min of ischemia. We assumed that the reduction was due to delayed death of GFAP-positive astrocytes. However, TUNEL staining failed to detect positive cells in the stratum radiatum at any time point after 10/5 min of ischemia. Therefore, even if there is a delayed death of astrocytes, the role of DNA damage or apoptosis in their death is unclear. It would be of great interest to examine the apoptotic changes, such as DNA laddering, by DNA gel electrophoresis.
CNP, also known as an enzyme, CNPase, is expressed early during development and differentiation of oligodendrocytes and Schwann cells (Knapp et al., 1988) . Immunocytochemical studies have shown that this protein occupies the perinuclear region and cytoplasmic membrane in immature oligodendrocytes, however, as they mature, it locates more peripherally in the processes and diffusely in the soma (Trapp et al., 1988) . Oligodendrocytes in the white matter and in the cortex are known to be extremely vulnerable to ischemic insult (Pantoni et al., 1996; Petito et al., 1998) , and their susceptibility to ischemia/reperfusion injury has been attributed to their poor ability to scavenge peroxide (Juurlink et al., 1998) . However, a decrease in CNP-positive oligodendrocytes was not confirmed, since cell counting was not performed. The disruption of CNP-positive vertical fibers and the appearance of strongly immunopositive aberrant fibers were observed 1 day after 10 min of ischemia. In previous reports, reoxygenation after ischemia accelerated injury in many axons, presumably as a result of respiration failure secondary to mitochondrial calcium ion overload (Stys, 1998) , and oligodendrocytes rapidly upregulated CNP in the region of remyelination after axonal injury in the spinal cord (Morin-Richaud et al., 1998) . Since axonal injury was not examined in this study, it is impossible to speculate on the relationship between morphological alteration of CNP-positive fibers and axonal injury in the stratum radiatum. Studies to characterize axonal injury in this region are needed to address this issue.
We utilized an OX42 antibody directed against CR3, which is a phagocytic activity marker (Flaris et al., 1993) , to visualize microglia/macrophages. Under pathological conditions, microglial cells and blood-derived macrophages are indistinguishable by OX42 staining because resident microglia lose their characteristic ramified features (Perry et al., 1993) . Five days after 10 min of ischemia, most of the immunoreactive cells in the CA1 subregion were found near the pyramidal cell layer and had few processes and plump cell bodies, formerly reported as a reactive morphology (Morioka et al., 1991; Schroeter et al., 1997; Streit and Kreutzberg, 1988) . These immunopositive cells present in the CA1 subregion until 5 days after ischemia are assumed to be activated resident microglia. Cresyl violet staining showed that heavily accumulated cells in the CA1 subregion 14 days after 10/5 min of ischemia, predominantly had rod-like nuclei (Fig.  1) . As shown in Figure 4 , these cells were virtually all OX42-positive. Further increase in the immunopositive area at 14 days was seen only after neuronal death by 10 and 5 min of ischemia, and no proliferation of OX42-positive cells was observed. These findings indicate that most of these OX42-positive cells were blood-derived macrophages and their role was primarily phagocytic. The area occupied by labeled cells was thought to be correlated to the extent of cell accumulation, and indeed, its time course resembled that of total cell accumulation (Fig. 1G) . However, microglial activation after ischemia induced stronger staining in their processes and therefore, it may have increased the immunopositive area. More extensive study is necessary to confirm the time course of microglial accumulation.
It is noteworthy that we excluded approximately 20% of the animals in the 10-min ischemia group because of death or seizure activity. After 5/3 min of ischemia, no death or seizure activity was observed. Serum glucose levels should be monitored in future studies, since it can reduce the incidence of seizure activity and make a difference in histopathological outcome (Lin et al., 1998) .
We induced 10, 5, and 3 min of global ischemia by bilateral common carotid artery occlusion and hypotension. Ten and 5 min of ischemia were lethal and 3 min was sublethal to the hippocampal CA1 neurons. However, 5-10% of the neurons in the CA1 pyramidal cell layer and interneurons in the stratum oriens/radiatum were tolerant to lethal ischemia. Some astrocytes probably underwent delayed death after 10/5 min of ischemia, and viable astrocytes showed characteristic staged morphological reactions. Oligodendrocytes also showed morphological reactions in their processes after 10/5 min of ischemia. Because of the accumulation of blood-derived macrophages, microglial death was not determined, however, their transformation to the reactive form and the heavy accumulation was seen only after 10/5 min of ischemia, suggesting their role was primarily phagocytic. Characteristic early reactions of these glial cells were observed and they may be related to their neuroprotective or neurodegenerative effect, however, further studies are necessary to address this issue.
